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Introduction

Introduction

* Where we stand:
° v, >V, established

*V, disappearance experiments: SK,K2K,Soudan2, MACRO
* 5in‘20,, and Am?__~ Am?,, measured

° v.—>v, established
* v, disappearance experiments: Cl,SK,Ga,SNO,KamLAND

A2 2 Am?2
* AM,<< AMSy, ~ AM<,

2 2 2 - 2
° |f Am 1 <<AME, .~ Am? = Am then

atm’

P(Vu_>Ve) - Sin229138in26235in2(1'27Am2atm/Ev) + f(SCP)

oQbservation of v —> v_will give us info on sin?0. , and &
1 e 13 P



> How we do that?
° Vv >V, and v_+N-> e + N* + (invisible rs)
© |_ook for single electron events
¢ Major background
v, +N->v +N'+ n’ + (invisible rs)

* v, contamination in beam (typically 0.7%)

e \With a large water Cherenkov detector such as UNO

* Cheaper for a large volume than other technologies

* Potentially quite capable of removing background

Introduction



BNL Superbeam

» Spectra of on- and off-axis beams
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Introduction

» Atmospheric neutrino events in SK-> BNL superbeam

oAll v Interactions available

o SK- | geometry/configuration/PMT coverage

o Standard SK-I analysis package + Special ° finder (ntuples)

° Neutrino spectrum reweighted for BNL superbeam using
all events

e Total number of events normalized with that expected for BNL
using QE events ( 0.5 Mtons, 5 yr running at 2,540 km)

° Am?, =7.3 x 10"~ eV?, Am231:2.5 X 10 3eV?
© 5in’20,.(12,23,13)=0.86/1.0/0.04, §,=+45,+135,-45,-135°

Probability tables from Brett Viren of BNL



Introduction
» Interactions included
— °Mode 1 : QE (CC) * signal
eMode 11-13 : Single = from A (CC)
eMode 16 : Coherent n° (CC)

eMode 21  : Multi ©t (1.3<W<2.0 GeV) (CC)
°Mode 22 : Single n (CC)
°Mode 23  :Single K (CC)

oMode 26  : Deep inelastic (2.0 GeV <W) (CC)
— °Mode 31-34 : Single = from A (NC) * packground (r ° only)

— °Mode 36  : Coherent n° (NC) * background

°Mode 41  : Multi © (1.3<W<2.0 GeV) (NC)
°Mode 42-43: Single n (NC)

oMode 44-45: Single K (NC)

oMode 46 : Deep inelastic (2.0 GeV <W) (NC)
°Mode 51-52: Elastic (NC)

For first stage study



Analysis |
Selection Criterial  QE for signal, single piO for bkg

* Cut O:

eFiducial volume cut (200 cm inside from PMTs)
s Cut 1: 2ys, E>150 MeV, 6,_>9°—> 2 rings

g BNL report requirements (PRD68,2003,p12002)
o[l ringland e- like

To remove invisible ©/p

+ Cut 2: /

ot . > 100 MeV and|no decay electrons

ring

sCut3: (nYfinder info used)
2
° 80 < m, |<<160 MeV/c

Invariant mass btwn primary ring and an
extra ring found by = ¢ finder

o[E_. > 500 MeV]

> 0.5 é

© P vs, E>150 MeV, 0, >9°—> 2 rings
v VY

°|cosH BNL report requirements

i«

ring




Analysis |
» ¥ finder

e ¥ detection efficiency with standard SK software

— o 110 detection efficiency with =° finder

Always finds an extra ring in a single ring event

inefficiency inefficiency
overlap weak 2" ring

Single e-like events from single = int. All the single = int.
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Analysis |
» 10 finder

o ¥ detection efficiency with standard SK + =° finder

All the single = int.

D 101
Entries 45
Mean 93.68
RMS 46.58

. with rt° finder
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Detection Efficiencies and Background Rejection |

e ¥ —> e probability

* BNL report

o
. rejectlon vs energy

> This study

Efficiency of misdentification

EH.«r'5 &

v+ ME T+M+y

E_(GeV)

~7.5% at 1 GeV
~20% at 2 GeV

v, misll prabability for single pi0

no statistics
- cutl

— cut 2
= cut 3

L I R R R R
2040 SO0 4400 S0 SO0
E. (Mev?

E_(MeV)

~20% at 1 GeV
~50% at 2 GeV

Analysis |



Analysis |

Detection Efficiencies and Background Rejection |
° v, QE efficiency

* BNL report > This study
Emtrﬂn Eﬂ. vs Enerm‘ . v, Efficiency for QE
g YU
E HEIB ! *Isszh =.=+
E o4 -
E Q3
-1
o r o |
n 1 * .E. * 3 .d .5. — .E i) — I10|(}[:II — I2OODI — I30!00I — I4-(}‘00I — Isﬁlﬂﬂla;mltml?gﬂﬁ
EE tGEw Acteptance
~75% at 1 GeV ~50% at 1 GeV E.(MeV)

~95% at 2 GeV E.(GeV) ~60% at 2 GeV



Analysis |

Singnal and Background |

* BNL report e Number of signal and background events
Before any cut

v, QE 1n0§': JrJrJr e T amene Signal 303 events
no OSC !13,290 4,238 = ﬁi = All bkgs 146
= P ey e (76 from = %)
w/ oy 6,538 4,238 iF__;%ﬁL%m (70 from v)
Normalization o
CP+45 _
> This study 5[] Compare =r======= with
£y JFJﬁ—AIIevents :signal+bkg
v, QE 1o 0 = !

Signal 242 events
(493->412->406->242)

no OSC |[L3,260] 3,628
w/ OSC | 6,143 3,(328

55 %ogomt A a A” bkgS 380

0
6% less 14% less (324 from t °)
( 56 fromv,)



e nisehin

¢ Number of signal and background events

* BNL report

Signal 303 events

D CEEES | Allbkgs 146
| (76 from 7 °)
BB (70 from v )
Compare ..........
: with

»> This study _I_
%’ JFjr+<—AII events:signal+bkg Signal 242 events
R (493->412->406->242)

A/AII backgrounds

et cpras’ All bkgs 380

L (324 from t )

A0 000 BGOC TO000
Recons tructed Emnergy {(MMe'W)

( 56 from v,)

Analysis |

» Study by B.Viren

Semi-independent:normalization

Signal 255 events

All bkgs 308
(292 from =%
(30 fromv,)




.Improvement

Analysis |

« Software — More cuts and better pattern recognition
« Some possible variables to be used for additional cuts

3
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.Improvement

Analaysis Il

¢ Define likelihood using fraction of 2"d vy energy, cosO of 15t ring,

n0-likelihood, pid, and =% mass . But...

likelihood(sig)-likelihood(bkQ)
background
signal

« Drop cuts on ©t® mass, opening angle, and coso

160
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pi0 mass distribution

background

signal
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Analaysis Il

Selection Criteria Il  QE for signal, single piO for bkg

* Cut O:

eFiducial volume cut (200 cm inside from PMTSs)
Cut 1- 2ys,E>150 MeV, 6, >9°—> 2 rings

g BNIL report requirements
o[l ringland e- like

To remove invisible ©/p

+ Cut 2: /

ot . > 100 MeV and|no decay electrons

ring

» Cut 3:
°E_ > 500 MeV New (Evis->Erec)

o Alikelihood<0.4 New



* BNL report

> This study

Eventsibin

evepts /400 MeV

Analaysis Il

e Number of signal and background events

= BT ST e

E] a ] T ] = 1
Aeconxstrusiesd w Energyp (Gey

s All events:signal+bkg

CP+45°

+++++ All backgrounds

I T =
0o 4000

ooooo

Signal 303 events

All bkgs 146
(76 from «t V)

(70 fromv,)

Compare

Signal 228 events

All bkgs 233
(180 from =t )
( 53 fromv,)




What’s next?

e \Why don’t we turn on all the interactions?

® Then what are singals and what are backgrounds?

Reconstructed energy
"It QEeventsonly |&2 7o,
o | After Cut 2
I Ev
: — Erec
0 0 ‘ o 2&00‘ o 4&00‘ o 6&00‘ e 80d6 ‘WOOOO
«~  Erec

Analaysis lll

100

80

60

40

20

1 1 1 1 1
0 2000

Reconstructed energy

D
Entries

All CC events

300096
56264
2506.
1699.

After Cut 2

Il Il Il Il Il Il
4000 6000

Erec

I —f=== =l L
8000 10000

Erec

Why not accept all CC events as signals?



Analysis Il
Selection Criteria Il All v, CC for signal, all v, and v, NC for bkg

. Cut 0: all v, CC for bkg

eFiducial volume cut (200 cm inside from PMTSs)
2ys,E>150 MeV, 6, >9°—> 2 rings

] CUt 1: 4. ------------------------------ BNL repOI’t I’eC]UII’ementS
o[l ringland e- like
To remove invisible 7/p.
+ Cut 2: H

°E__> 100 MeV and[no decay electrong NoWw this is Important to
ring < Remove invisible charged

s Cut 3 Pions.
°E_.> 500 MeV New

° Alikelihood< to be determined New



Analysis Il

A likelihood @ In[likelihood(bkg)]-In[likelihood(sig)]

¢ Define likelihood using fraction of 2"d vy energy, cosO of 15t ring,
n0-likelihood, pid, and =% mass . But...

« Drop cuts on ©t® mass, opening angle, and coso

_ likelihood(bkg)-likelihood(sig) pi0 mass distribution
«| background background
signal o
5 signal
dlikelihood pi0 mass M eV/C




Singnal and Background 111

* BNL report

> This study

Alikelihood<-0.8

Eventsibin

Analysis Il

All v, CC forsignal, all v, and v, NC for bkg

JF
Jr
by
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Sy
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. events/400.MeV

= 1o
Fl-ca-:m:.'tru-:td W Energw (GeW)

9ut of scale (136 ev)

i |
a %% ++AII events:signal+bk

(=]

t

T cpas °

ooooo

aII v, CC for bkg

¢ Number of signal and background events

Signal 303 events

All bkgs 146
(76 from =t %)
(70 fromv )
Compare =r=s===== with

Signal 397 events

All bkgs 617
(527 from =t *+others)
( 90 fromv,)



Analysis IlI

Singnal and Background I All v, CC for signal, all v, and v, NC for bkg

» Effect of cut on likelihood all v, CC for bkg

Alikelihood< 0.0 Alikelihood< -0.4 Alikelihood< -0.8

o+

+ + ﬁAII events:signal+bkg

Sl

H%AII events:signal+bkg All events:signal+bkg

- events £400:Me\g
- events £400:Me\g
= events L400:Me\s

+ +/ —, e , 14
CP+45 wbtl 4 1 CP+45 ot by CP+45
o o IR
iA” backgrounds {ﬁll backgrounds ﬂ yackgrounds
1¢?ﬁ++aq 0 ; . BRUELETEENSE \++++hh__ E w wff++—h+&_
ongomgtrj?fed Ems%oy (MeQ/EB 00000000 goeogomstrjocofed Ems(;%oy (Me%ooo goeogomstrjocotoed Eme%rogoy (MeQ/[))OOO
Signal 501 events Signal 450 events Signal 397 events
(48% QE events) (48% QE events) (48% QE events)
All bkgs 1102 All bkgs 853 All bkgs 617

(90% NC) (971 from  +others) (89% NC) (743 from = *+others) (879 NC)(527 from = “+others)
(131 from v ) (110 fromv,) ( 90 fromv,)



Singnal and Background 111

nts /400 MeV

events

@
o

40

20

Analaysis IlI

All v, CC forsignal, all v, and v, NC for bkg

s Effect of cut on likelihood all v, CC for bkg

Alikelihood< -2.0

All events:signal+bk(

v
ﬁﬁ CP+45°
}background

,,,,,,,,,,,,, + -

****** et oo _h—h-:g .

2

[72)

TR
2000 4000 6000 8000 1000C

Reconstructed Energy (MeV)

Signal 251 events

(49% QE events)

All bkgs 253

Ewenixtbin

(86% NC) (210 from & *+others)

( 43 fromv,)

BNL Report

3 - A tighter cut on likelihood
' J[ P iy it supresses low energy event

1 B on HT. %7

H
——
11—+

B — CF 135" 500 oitn L.
I Lt  rn 4 o - It also modifies energy
L P spectrum very much
40 _E-L_ i _I_ Tor Bedhig: 140edn
b Jlttt JFiJL 4 Enchi.: TGwvim - It however improve SN ratio
m = LL]_%&I

- : = RETETE
1 2 - | q 1 n 7 a T 1]
Aeconstrucied o Energy (Ge¥)

Signal 303 events Should we use the tightest cut?

All bkgs 146
( 76 from = 9)
( 70 fromv )



Singnal and Background 111

» Effect of cut on likelihood and CPV phase

Alikelihood< 0.0
T CP+45
e CP+135
- +—ﬁ‘ ..................... CP-45
T L e CP-135
100 [ %TL
y: g
3 bhm?bmt
RecoCMUCWEmergy (Mev

CPV & (deg) +45 +135 -45 -135

Signal 501 660 305 464
All bkgs 1102 1099 1002 1099
nt %+others 971 968 971 968

Beam v, 131 131 131 131

Alikelihood< -0.4

0 2000 4000 6000 8000 WOOOO

ErRecoCMUCWEmergy (Mev
+45 +135 -45 -135

450 582 281 412

853 853 855 853

743 743 745 743
110 110 110 110

Analysis lll

All v, CC for signal, all v, and v, NC for bkg

All events:signal+bkg



Singnal and Background 111

» Effect of cut on likelihood and CPV phase

Alikelihood< -0.8

CP+45
CP+135

i
0 2000 4000 6000 BOOO WOOOO

EreC (mcev)ucted Energy (MeV)
CPV 5 (deg) +45 +135 -45 -135

Signal 397 501 253 357
All bkgs 617 615 617 615
n %+others 527 525 527 525

Beam v, 90 90 90 90

Alikelihood< -2.0

250

150 |

.
0 2000 4000 6000 SOOD WOOOO

EreReczr\/iruv)d Energy (MeV)
+45 +135 -45 -135

250 291 167 207

253 253 255 253

210 209 210 207
43 43 43 43

Analaysis IlI

All v, CC forsignal, all v, and v, NC for bkg

All events:signal+bkg



Analaysis IV

. Off-axis beam

¢ Define likelihood using fraction of 2"d vy energy, cosO of 15t ring,
n0-likelihood, pid, and =¥ mass as for on-axis beam.

« Drop cuts on ©t® mass, opening angle, and coso

ikelthood(bkg)-likelthood(sig) pi0-mass distribution

100 60

background | ~[ .  background

80 |-
40 = 4

60 |~

40 —

signal

20 —

o Lty
-0 -8 -6

dlikelihood




Analaysis IV

Singnal'and Background IV All v, CC for signal, all v, and v, NC for bkg

» Effect of cut on likelihood No contribution from beam v,

No Alikelihood cut

1

CP+45°
All events:signal+bkg

All backgrounds

-

Ty .
2000 4000 6000 8000 10000

Reconstructed Energy (MeV)

Signal 310 events
All bkgs 403 + 7?7

(403 from & *+others)
(722 from v)

Alikelihood< 0.0

g CP+45°

All events:signal+bkg

~++ All backgrounds

i

e
B ’fﬁfﬂ—fbﬂﬂ—bﬂ—,k el

Reconstructed Energy (MeV)

Signal 199 events
All bkgs 131 + 7?7

R - B P
6] 2000 4000 6000 8000 10000

( 131 from & %+others)

(??? fromv)



Analysis IV

Singnal'and Background IV All v, CC for signal, all v, and v, NC for bkg
s+ Effect of cut on likelihood

all v, CC for bkg
No contribution from beam v, included
Alikelihood <-0.4 Alikelihood< -0.8
300 %OO F
) S I o
e 0 e CP+45
S CP+45 Sl
%40 = %40 r
o All events:signal+bkg w0 All events:signal+bkg
60 ++/ 60 + /
°F All backgrounds N LENT backgrounds
. :7‘\ wwrj‘wk{hf%ﬁfﬂ_ﬁﬂ—‘—‘—; TR T O(; +ZOE‘O’ETA’4EQO"FV+#46(_)‘OO ‘ ‘BO‘OO‘ ‘ ‘WOOOO
’ o goeocoomsvjiofed Ems(;ogoy (Me\w/o)ooo Reconstructed Energy (MeV)
Signal 153 events Signal 96 events
All bkgs 85 + 7?2 All bkgs 46 + 777
0
(85 from & %+others) (146 from &t "+others)

(??? from v ) (??? fromv,)



Analaysis IV
Singnal and Background I} All v, CC for signal, all v, and v, NC for bkg

» Effect of cut on likelihood and CPV phase all v, CC for bkg

No contribution from beam v, All events:signal+bkg
Alikelihood< -0.4

200 [
CPV & (deg)  +45 +135 -45 -135 o |

deo | L CP+45

Signal 153 226 62 140 o CP+135
&40 b

Bkg 85 84 85 84 T CP-45
t %+others o

100 S CP-135

T . | | . I
6000 8000 10000

Reconstructed Energy (MeV)

Erec (MeV)




Conclusions

. Conclusions

¢ Realistic MC simulation study was performed for BNL very
long baseline with a water Cherenkov detector

 Estimates on the signal and background level seem optimistic
In the BNL report; This was semi-independently confirmed by
Brett Viren of BNL

¢ [t was demonstrated that there is some room to improve SN ratio
by reducing the background level while keeping a reasonable
signal detection effciency with current available software

 Further improvement of algorithm/software is essential and
possible

* A larger detector such as UNO has an advantage over a smaller
detector such as SK (See C.K. Jung talk)



Conclusions

. Conclusions

“ The idea of a very long baseline experiment with a large water
Cherenkov detector becomes more realistic in terms of physics

e Further studies are needed
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